Background: Intradialytic plasma volume change (IPVC) owing to ultrafiltration is a dominant cause of intradialytic hypotension (IDH). Lower occurrence of IDH in hemodiafiltration (HDF) than in standard hemodialysis (std-HD) indicates that HDF has preventive effect on IPVC. This study examined whether online HDF (ol-HDF) prevented IPVC compared with std-HD. Methods: In 115 std-HD, 59 push-pull ol-HDF (pp-ol-HDF), 39 pre-dilution ol-HDF (pre-ol-HDF), and 33 post-dilution ol-HDF (post-ol-HDF) sessions, we calculated IPVC using intradialytic change of hemoglobin (IPVC Hb ) and also using the change of hematocrit (IPVC Ht ), and compared them in association with intradialytic body weight loss (IBWL) between the dialysis modes. Results: Both IPVC Hb and IPVC Ht were not different between the modes; in std-HD, pp-ol-HDF, pre-ol-HDF, and post-ol-HDF, IPVC Hb were 0.10 ± 0.06, 0.11 ± 0.07, 0.10 ± 0.05, and 0.10 ± 0.06, respectively, and IPVC Ht were 0.10 ± 0.07, 0.11 ± 0.07, 0.10 ± 0.06, and 0.10 ± 0.06, respectively. IPVCs divided by relative IBWL to DW (IBWL/ DW) were also not different between the modes; in std-HD, pp-ol-HDF, pre-ol-HDF, and post-ol-HDF, IPVC Hb / IBWL/DW were 1.9 ± 2.0, 1.7 ± 4.6, 2.1 ± 0.9, and 2.1 ± 1.8, respectively, and IPVC Ht /IBWL/DW were 1.9 ± 2.2, 1.9 ± 3.7, 2.1 ± 1.1, and 2.1 ± 2.0, respectively. Conclusion: Irrespective of the modes, ol-HDF has the same level of IPVC as std-HD.
Background
Hemodialysis is a renal replacement therapy for end-stage renal disease [1] . As an outpatient-based treatment, maintenance hemodialysis is performed intermittently (2-3 sessions per week) and for short duration (3-5 h) per session. The intermittent treatment inevitably leads to fluid accumulation between sessions, which needs to be removed by ultrafiltration during each session [2] . The removal induces intradialytic plasma volume change (IPVC), which is a dominant cause of intradialytic hypotension (IDH); the reduction in systolic blood pressure was related to the reduction in IPVC, and an individual threshold of IPVC was noted for IDH [3] [4] [5] .
Hemodiafiltration (HDF) is a mode of hemodialysis performed by a combination of diffusive transport and convective transport where appropriate fluid balance is maintained by infusing substitution fluid [6] . Lower occurrence of IDH in HDF than in standard hemodialysis (std-HD), where only diffusive transport is performed, indicates that convective transport can provide preventive effect on IPVC [7] [8] [9] . Several different modes of HDF are available depending on the site of substitution fluid infusion; the fluid is infused upstream, downstream, and through the membrane of the dialyzer in pre-dilution mode (pre-HDF), post-dilution mode (post-HDF), and push-pull mode (pp-HDF), respectively [6] . Preparation of infusion fluid from non-pyrogenic dialysate further enabled an 'online' option for HDF (ol-HDF) [10] . The preventive effect of HDF on IPVC would differ depending on the modes. In the present report, we compared IPVC between std-HD and three different modes of online HDF.
Methods

Sessions and dialysis conditions
This study was a retrospective analysis of dialysis sessions at a single dialysis center. In addition to std-HD, three different modes of online HDF (pp-ol-HDF, pre-ol-HDF, post-ol-HDF) had been performed. Sessions after long dialysis interval in adult (> 18 years old) patients under maintenance dialysis (≥ 3.5 h/session, 2-3 sessions/week, > 6 months), where complete blood cell count tests were performed for blood samples at the start and end of sessions, were included. Sessions with blood transfusion or fluid infusion during dialysis treatment were excluded. The hospital ethics committee approved the study.
Dialysis sessions were performed using bicarbonate dialysate (Na + 140, K + 2.0, Ca 2+ 1.5, Mg 2+ 0.5, Cl − 111, HCO 3 − 35, and glucose 8.3 mmol/L). The dialysate temperature and flow rate were set at 35-36°C and 500 mL/min, respectively. Blood flow rates were individually prescribed to achieve a dialyzer clearance of urea to volume of distribution area (Kt/V) of > 1.2 [11] , and ranged from 180 to 280 mL/min. For HDF, one of the following online modes, which are regularly performed in Japan using dialysate as substitution fluid, was selected; pre-ol-HDF with a constant replacement rate of 10 L/h, post-ol-HDF with a constant replacement rate of 2.5 L/h, and pp-ol-HDF with intermittent replacement of 0.2 L every 30 min [12] .
Data collection and definitions
Pre-dialysis and post-dialysis blood samplings were performed just after the venipuncture at the start of the sessions and just before the wash-back at the end of the sessions, respectively. To avoid the influence of postural and food-intake effects on hemodynamics, the patients were placed in a supine position for > 20 min before the pre-dialysis sampling, kept lying on beds, and not allowed to eat or drink until the end-of-session [13, 14] . Predialysis and post-dialysis body weight (BW) was measured before the start of the sessions and after the end of the sessions, respectively. Intradialytic BW loss (IBWL) was calculated as "IBWL = pre-dialysis BW -post-dialysis BW," and relative IBWL to DW was calculated as "IBWL/ DW." IPVC was calculated by using the intradialytic change of hemoglobin concentration (Hb) as "IPVC Hb = 1 -(pre-dialysis Hb)/(post-dialysis Hb)" and by using the change of hematocrit (Ht) as "IPVC Ht = 1 -(pre-dialysis Ht)/(post-dialysis Ht)." To indicate IPVCs relative to IBWL, IPVCs divided by IBWL (IPVC Hb /IBWL and IPVC Ht /IBWL) were used. Dry weight (DW) was adjusted for each patient to maintain cardio thoracic ratio < 52% and no pulmonary congestion on chest radiography. For the participants with valvular heart disease, vena cava diameter normalized for body surface area < 11.5 mm/m 2 and its respiratory fluctuation under the adjusted DW were confirmed on echocardiography. Relative post-dialysis BW to DW (post-dialysis BW/DW) was used as a measure of the fluid status. The plasma level of atrial natriuretic peptide (ANP) was measured at the end of dialysis sessions where the post-dialysis BW was <DW + 0.3 kg. Measurements of ANP with cardiac arrhythmia were excluded from the analysis.
Statistical analysis
Continuous variables were reported as the mean ± standard deviation. Comparisons were done by the one-way analysis of variance and then the Tukey's post hoc tests for patient characteristics and by a mixed-effects model analysis for intradialytic measures. Discrete variables were reported as counts, and comparisons were done by the Pearson's chi-square test. A correlation between parameters was analyzed by using the Pearson's correlation test, and R of the prediction model for linear regression was obtained. All statistical analyses were performed using the SPSS software package (Dr. SPSS II, SPSS Inc., Chicago, IL, USA). A probability value of P < 0.001 was considered statistically significant.
Results
At most, 5 sessions per patient from 75 patients were included in the study. Dialysis mode was changed in 31 patients, and 115 std-HD, 59 pp-ol-HDF, 39 pre-ol-HDF, and 33 post-ol-HDF sessions (a total of 246 sessions) were included in the analyses. Table 1 shows the summary of patient characteristics. None of the characteristics examined (age, gender proportion, dialysis lengths, diabetes mellitus prevalence, and the proportion of antihypertensives treatment) were significantly different between the modes.
Laboratory measures of pre-dialysis and post-dialysis blood samples and indicators of intradialytic body fluid status were compared between the modes ( Table 2) . None of the measures and the indicators examined were significantly different between the modes. While the levels of pre-dialysis Hb and Ht were generally lower in std-HD than in ol-HDFs, the levels of post-dialysis Hb and Ht were also generally lower in std-HD than in ol-HDFs, and the levels of IPVC Hb and IPVC Ht were not significantly different between the modes. The levels of post-dialysis ANP compared in 151 out of the 246 sessions were also not significantly different between the modes. Alb (g/dL) 3.8 ± 0.4 3.9 ± 0.6 3.9 ± 0. Data are presented as mean ± standard deviation Abbreviations: Alb serum albumin concentration, ANP plasma atrial natriuretic peptide concentration, BW body weight, DW dry weight, Hb hemoglobin, Ht hematocrit, IBWL intradialytic BW loss, IPVC intradialytic plasma volume change, Na serum sodium concentration, ol-HDF online hemodiafiltration, post postdilution mode, pp push-pull mode, pre pre-dilution mode, std-HD standard hemodialysis, UFR ultrafiltration rate
Irrespective of the dialysis modes, IPVC Hb and IPVC Ht correlated well to each other (Fig. 1 , R = 0.97, P < 0.001) and similarly correlated to IBWL/DW (Fig. 2 ). There were positive correlations between IBWL/DW and IPVC Hb (left panel, R = 0.51, P < 0.001) and between IBWL/DW and IPVC Ht (right panel, R = 0.50, P < 0.001). The slopes of the least squares line were 2.3 for both IPVC Hb /IBWL/DW and IPVC Ht /IBWL/DW, and the levels of IPVCs and IPVCs/IBWL/DW were similar between the modes (Table 2) .
Discussion
The present findings revealed that ol-HDF in either push-pull, pre-dilution, or post-dilution mode did not prevent IPVC compared with std-HD; IPVC and IPVC/ UFR in ol-HDFs were not different from those in std-HD.
In the present study, both IPVC Hb and IPVC Ht had positive correlations to IBWL/DW. The findings support the notion that intradialytic fluid removal by ultrafiltration induces IPVC and causes IDH [2] [3] [4] . However, there was wide variation in IPVCs, which indicated that factors other than ultrafiltration influenced IPVC [5, [14] [15] [16] . Vascular refilling by interstitial fluid, which occurs during dialysis sessions, would be a dominant factor among them, and its rate would differ owing to individual difference. Thus, patients' individual difference in the vascular refilling rate could have caused the variation in IPVCs.
Relative volume excess to DW could also facilitate the vascular refilling [3, 14, 15] , and inappropriate DW might influence IPVC. However, inappropriate DW would not have influenced the present findings significantly, because not only the levels of post-dialysis BW/ DW but also those of ANP, which reflect volume status, were not different between the modes. Furthermore, independency of the vascular refilling from the volume status relative to DW was reported previously [17] .
Reduction of core-temperature by not-pre-warmed substitution fluid, i.e., thermal effect, was proposed to be a dominant factor preventing IDH in HDF [18, 19] . The present findings might support the proposal of thermal effect. Online HDFs, where pre-warmed dialysate was used as substitution fluid and thermal effect would not have occurred, had no preventive effect on IPVC compared with std-HD. However, factors other than thermal effect could contribute the IDH prevention by ol-HDF. Online HDF may increase the vascular tone or facilitate the vascular refilling between dialysis sessions, because it was reported to have increased pre-dialysis blood pressure compared with std-HDF [8] .
Intradialytic loss of albumin can decrease the vascular refilling, which increases IPVC. Thus, the possible loss of albumin, which is larger in ol-HDF than in std-HD, will overestimate IPVC in ol-HDF than in std-HD [20] . The present findings that post-dialysis Alb levels were similar while pre-dialysis Alb levels were generally lower in std-HD than in ol-HDFs would indicate difference in intradialytic albumin loss between std-HD and ol-HDFs. Therefore, the present findings of same IPVCs levels between the modes might have indicated smaller IPVC in ol-HDFs than in std-HD. However, intradialytic albumin loss would not have influenced IPVC, because recent report showed that inward oncotic force had little effect on the vascular refilling [15] .
Inducing intracellular-to-extracellular water movement, an increase in Na can facilitate the vascular refilling [21] . During dialysis session, Na is reaching the sodium concentration of dialysate. Thus, differences in pre-dialysis Na could have influenced IPVC. However, in the present study, the levels of pre-dialysis Na were not different between the modes. Additionally, recent data suggest that inward osmotic force has little effect on the vascular refilling [15] . Therefore, intradialytic Na change would not have influenced IPVCs significantly in the present study.
The convection volume, which indicates the effectiveness of convective transport in HDF, can influence IPVC [5, 22] . However, the convection volume would not have influenced the present findings significantly; in spite of differences in the convection volume, the levels of IPVCs were not different between the modes of HDF. Furthermore, in spite of inferiority in convective transport, std-HD had same levels of IPVCs as those of HDFs. The present report has several limitations. Firstly, the small sample size is an important limitation. The sample is somewhat skewed, and the study may be limited by the possibility of selection bias. However, variation between the modes would not have affected the present findings significantly; despite the variation, IPVCs and UFR were at the same levels between the modes. Secondly, being a retrospective study, the method of IPVC evaluation was limited. Other methods such as a method using bioimpedance need to be evaluated. Thus, whether the present findings can be generalized needs to be confirmed in prospective studies of large sample sizes and in crossover studies with measurement of bioimpedance.
Conclusions
Online HDF in either push-pull, pre-dilution, or postdilution mode had the same level of IPVC as std-HD. The findings indicate that ol-HDF has no preventive effect on IPVC irrespective of its modes. 
